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ABSTRACT Due to the limited coding capacity of picornavirus genomic RNAs, host RNA binding proteins play essential roles dur- 
ing viral translation and RNA replication. Here we describe experiments suggesting that AUF1, a host RNA binding protein involved in 
mRNA decay, plays a role in the infectious cycle of picornaviruses such as poliovirus and human rhinovirus. We observed cleavage of 
AUF1 during poliovirus or human rhinovirus infection, as well as interaction of this protein with the 5 ' noncoding regions of these 
viral genomes. Additionally, the picornavirus proteinase 3CD, encoded by poliovirus or human rhinovirus genomic RNAs, was 
shown to cleave all four isoforms of recombinant AUF1 at a specific N-terminal site in vitro. Finally, endogenous AUF1 was 
found to relocalize from the nucleus to the cytoplasm in poliovirus-infected HeLa cells to sites adjacent to (but distinct from) 
putative viral RNA replication complexes. 

IMPORTANCE This study derives its significance from reporting how picornaviruses like poliovirus and human rhinovirus pro- 
teolytically cleave a key player (AUF1) in host mRNA decay pathways during viral infection. Beyond cleavage of AUF1 by the ma- 
jor viral proteinase encoded in picornavirus genomes, infection by poliovirus results in the relocalization of this host cell RNA 
binding protein from the nucleus to the cytoplasm. The alteration of both the physical state of AUF1 and its cellular location 
illuminates how small RNA viruses manipulate the activities of host cell RNA binding proteins to ensure a faithful intracellular 
replication cycle. 
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Given the relative genetic simplicity of their positive-sense, 
single-stranded genomic RNAs, picornaviruses have evolved 
to utilize host proteins during their intracellular replication cycles. 
Indeed, multiple host factors have been demonstrated to play roles 
in picornavirus translation and RNA replication (for a review, see 
references 1 and 2). Among these, members of the heterogeneous 
ribonucleoprotein (hnRNP) family of proteins, including 
poly(rC) binding proteins 1 and 2 (PCBP1/2), hnRNP C1/C2, and 
hnRNP K, have been reported to have essential roles in picorna- 
virus replication (3-16). 

In addition to usurping the functions of host proteins during 
infection, picornaviruses also modify host proteins via viral enzy- 
matic cleavage (Table 1). Notable examples include poliovirus and 
coxsackievirus proteinase 2A cleavage of eIF4G. Cleavage of eIF4G 
shuts off host cell cap-dependent translation, thereby eliminating 
any competition for resources for the synthesis of viral proteins via 
cap-independent mechanisms (for a review, see reference 17). Po- 
liovirus proteinase 3C/3CD cleavage of PCBP2, a cellular RNA 
binding protein required for poliovirus translation and RNA rep- 
lication, is somewhat unique since cleavage of PCBP2 does not 
simply disrupt cellular processes but may influence template se- 
lection for RNA replication versus viral translation (18). 

AU-rich binding factor 1 (AUF 1 ), also known as hnRNP D, has 
characteristics typical of an hnRNP, including nucleocytoplasmic 



shuttling properties and multiple isoforms (for a review, see ref- 
erences 19 and 20). AUF1 consists of four related isoforms named 
by their relative molecular masses: p45, p42, p40, and p37 (Fig. 1). 
These isoforms result from alternative splicing of a single mRNA 
(20-22). Of the four AUF1 isoforms, p45 is the largest and is the 
canonical form to which the other isoforms are compared (for a 
review, see references 19 and 20). All four isoforms have a 
dimerization domain (encoded in exon 1), as well as two RNA 
recognition motif (RRM) domains (encoded in exons 3, 4, and 5). 
AUF1 binds specific proto-oncogene and cytokine mRNAs con- 
taining AU-rich element (ARE) sequences, such as c-myc (23), 
which are then targeted for decay; all four isoforms have been 
reported to have different roles in this process (22, 24). AUF1 has 
also been reported to have a role in telomere binding (25) and 
transcriptional activation (26, 27). 

Much like other hnRNPs, AUF1 has been reported to have a 
role in the replication cycles of different viruses. It is required for 
efficient hepatitis C virus translation (28) and has been shown to 
regulate the C promoter in Epstein-Barr virus (27). For picorna- 
viruses, there is one report demonstrating an increase in AUF1 
levels in the cytoplasm of primary cultures of human airway epi- 
thelial cells infected with human rhinovirus 16 (HRV16) (29). 
Although direct evidence for a role for AUF1 in picornavirus in- 
fections is currently lacking, this host protein does interact with 
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TABLE 1 Examples of cellular proteins cleaved during picornavirus infections* 7 



Cellular protein(s) Picornavirus proteinase(s) fl Effect(s) of cleavage 



PABP 


PV 2A, PV 3C, HRV14 3C, CVB 2A 


Disrupts interaction with eIF4G, inhibits host cell translation 


eIF4GI, eIF4GII, eIF4A 


PV 2A, CVB 2A, FMDV 3C, L 


Disrupts cap-binding complex, shuts off host cell translation 


PTB 


PV3C 


Possible template selection for viral translation versus RNA replication 


Dystrophin 


CVB2A 


Disrupts cytoskeleton 


MAP-4 


PV3C 


Induces morphological changes in host cells 


TBP, CREB, TFIIIC, Oct-1 


PV3C 


Inhibits host cell RNA synthesis 


La autoantigen 


PV3C 


Redistributes La to cytoplasm to enhance translation of viral mRNA 


PCBP1/PCBP2 


PV 3C, 3CD 


Regulates template selection for viral translation versus RNA replication 


Dcpla, Pan3 


PV 3C, 3CD 


Possible role in P body disruption and RNA stability 



a PV, poliovirus; FMDV, foot-and-mouth disease virus; CVB, coxsackievirus B; HRV, human rhinovirus; TBP, TATA-binding protein; references for cleavage events include 
references 18, 58, and 65 to 79. 
h Adapted from reference 18. 



several proteins that have been reported to function during repli- acts with the 3 ' noncoding region (NCR) of the poliovirus genome 
cation of poliovirus and other picornaviruses. These include and has been observed to relocalize to the cytoplasm during po- 
poly(A) binding protein (PABP) (30), nucleolin (21), and liovirus infection; depletion of this protein in cytoplasmic extracts 
PCBP1/2 (31). In uninfected cells, these interactions are thought significantly decreases virus production (34). PCBP1/2 proteins 
to facilitate a role in regulation of mRNA decay (30), transcrip- interact with the 5' NCR of poliovirus and are required for viral 
tional activation (21), and the a-globin mRNA stability complex translation and RNA replication (3-11). 

(3 1), respectively. PABP binds the 3' poly( A) tract of picornavirus In this paper, we describe data that suggest that AUF1 is a 
genomes and has been implicated in bridging the 5' and 3' ends of player in picornavirus infection. We report modification of this 
the genome via interaction with PCBP (32, 33). Nucleolin inter- protein during poliovirus or human rhinovirus infection and have 

observed that all four isoforms of AUF1 
are cleaved during infection with poliovi- 
rus, HRV 14, or HRV 16 in HeLa cells. Us- 
ing in vitro proteinase assays with recom- 
binant enzymes and substrates, we 
present evidence identifying the primary 
cleavage site in all four isoforms that is 
cleaved by viral proteinase 3 CD. We have 
also determined that full-length and trun- 
cated forms of AUF 1 will interact with the 
5' NCR of poliovirus or human rhinovi- 
rus 16 genomes in vitro. In addition, 
AUF1 was observed to relocalize from the 
nucleus to the cytoplasm and to localize in 
sites adjacent to (but distinct from) puta- 
tive viral RNA replication complexes dur- 
ing poliovirus infection. Taken together, 
these data strongly support a role for 
AUF1 during poliovirus or human rhino- 
virus infections. 



RESULTS 

Modification of AUF 1 during poliovirus 
or human rhinovirus infection. Given 
the roles that different classes of RNA 
binding proteins play in infections by dif- 
ferent picornaviruses, we initially exam- 
ined possible alterations of proteins in- 
volved in cellular mRNA decay during 
picornavirus infection. Cytoplasmic S10 
lysates were generated from poliovirus- 
infected HeLa cells and examined for host 
protein modifications. Although AUF1, 
HuR, Xrnl, Dcp2, and nucleophosmin 
were explored via Western blot analysis, 
AUF1 was the only protein observed to 
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FIG 1 AUF1 exon structure schematic and proposed 3CD cleavage site. The figure shows the exon 
structure of the human AUF1 gene and the different protein isoforms (p37, p40, p42, and p45) gener- 
ated by alternative splicing. The RNA recognition motifs (RRM1 and RRM2), the Q-rich domain, and 
the dimerization domain are indicated. The top line of the figure shows an expansion of the amino acid 
sequence in exon 1 starting with amino acid residue 29 and extending through residue 42. This region 
contains a putative picornavirus 3CD cleavage recognition site with the PI and PI' positions Q-G 
(highlighted in green) preceded by an upstream A in the P4 position (highlighted in blue). For some of 
the experimental results displayed in Fig. 3, the Q-G pair was mutagenized to I-D (highlighted in red). 
This amino acid pair is predicted not to be cleaved by the poliovirus or human rhinovirus 3CD protei- 
nase. Adapted with data from the work of Gratacos and Brewer (19). 
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display an altered gel migration rate (data not shown). To extend 
this finding to other picornaviruses, we subjected extracts from 
poliovirus- or human rhinovirus-infected cells to SDS-PAGE, 
electroblotted the proteins to a polyvinylidene difluoride (PVDF) 
membrane, and carried out a Western blot analysis using anti- 
AUF1 and antinucleolin (as a loading control) antibodies to visu- 
alize specific protein species (Fig. 2). The results confirmed our 
initial data for poliovirus (Fig. 2 A, lanes 5 to 7). In comparing the 
AUF1 protein profile observed at 0 h (Fig. 2A, lane 3) to those 
observed 5 h postinfection (hpi) and 6.5 hpi (Fig. 2A, lanes 6 and 
7), a very different protein profile emerges during the course of 
poliovirus infection. The data show the disappearance of AUF1 
protein species in the 36- to 45-kDa range with the concomitant 
appearance of lower-molecular-mass species in the 29- to 36-kDa 
range. It appears that several (or all) of the four isoforms of AUF1 
are cleaved during poliovirus infection, with incomplete cleavage 
of some isoforms. 

To determine if AUF1 is cleaved in cells infected by other pi- 
cornaviruses, or if these events are restricted to cells infected with 
poliovirus, we analyzed extracts from HRV14 (Fig. 2B)- or HRV16 
(Fig. 2C) -infected HeLa cells and observed that AUF1 is cleaved 
during infection by both of these viruses. Interestingly, the kinet- 
ics of AUF1 cleavage patterns differ for all three viruses. Com- 
pared to poliovirus infection (Fig. 2A, lanes 5, 6, and 7), in which 
the cleavage event is detectable at 3 hpi, AUF1 was not cleaved in 
HRV14-infected cells until 8 hpi (Fig. 2B, lane 7). In HRV16- 
infected cells, readily detectable cleavage products of AUF1 were 
not observed until 10 hpi (Fig. 2C, lane 8) although some cleavage 
products were barely detected at 8 hpi. This delay in AUF1 cleav- 
age for both human rhinoviruses may be attributed to the longer 
replication cycle and lower incubation temperature than those of 
poliovirus infection in HeLa cells. Additionally, it appears that not 
all endogenous AUF1 isoforms are completely cleaved during 
HRV14 infection (Fig. 2B), an observation that is in contrast to 
infection with HRV16 but similar to the data from poliovirus - 
infected cells. Overall, we conclude that all four isoforms of AUF1 
appear to be cleaved during infection of HeLa cells by poliovirus 
or human rhinovirus. 

Picornavirus proteinase 3CD catalyzes the cleavage of AUF1. 
It is possible that cleavage of AUF1 during a poliovirus or human 
rhinovirus infection was an indirect effect of the infection. How- 
ever, since these viruses encode two proteinases (2A and 3C/3CD), 
both of which have been shown to specifically cleave several host 
proteins, it is likely that cleavage was mediated directly by a viral 
enzyme. To determine which viral proteinase, 2A or 3CD, might 
be responsible for cleavage of AUF1, we first analyzed sequences of 
all four AUF1 isoforms for potential proteinase cleavage sites 
(Fig. 1). We predicted that protein 2A was not responsible for 
cleavage because although a recognized cleavage site, tyrosine - 
glycine (35), is found 16 amino acids from the C terminus of AUF1 
in all four isoforms, the predicted cleavage products did not match 
the estimated size of the products observed in Fig. 2. If 2 A was the 
only viral proteinase responsible for cleaving AUF1, we would 
expect to observe protein products larger than those that are ob- 
served since the consensus 2A cleavage site for all isoforms would 
generate truncated proteins only 2 kDa less than their original size. 
However, protein products were observed with electrophoretic 
mobilities during SDS-PAGE corresponding to molecular masses 
approximately 5 kDa less than those of the uncleaved forms. Ad- 
ditionally, AUF1 isoforms p42 and p45 both have an amino acid 
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FIG 2 Cleavage of AUF1 during poliovirus, human rhinovirus 14, or human 
rhinovirus 16 infection. HeLa cells were infected with poliovirus (A) (lanes 3 to 
7), human rhinovirus 14 (B) (lanes 3 to 1 1), or human rhinovirus 16 (C) (lanes 
3 to 11), and NP-40 lysates were generated at different times after infection. 
Lysates from mock-infected cells (MO and M6.5 or M16, lanes 1 and 2) were 
generated at 0 hpi or at 6.5 hpi (for poliovirus) or 16 hpi (for human rhinovi- 
rus). Lysates were subjected to SDS-PAGE and Western blot analysis using 
anti-AUFl rabbit polyclonal antibody and antinucleolin rabbit polyclonal an- 
tibody (as a loading control) to visualize proteins. For size comparison, a 
molecular mass marker was included (left side of the autoradiograph of the 
gel). The electrophoretic mobilities of endogenous AUF1, cleaved and un- 
cleaved, and nucleolin are indicated by the bracket and arrow, respectively, on 
the right. 



sequence insertion (Fig. 1, exon 7) containing multiple predicted 
2A cleavage sites, which also did not correlate with cleavage prod- 
ucts observed in Fig. 2. 

Located in all four isoforms, 35 amino acids from the N termi- 
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FIG 3 In vitro cleavage of all isoforms of AUF 1 by picornavirus 3 CD is abrogated by a mutation within 
the AUF1 amino-terminal dimerization domain. Purified recombinant wild-type AUF1 isoforms p37 
and p40 (A) (lanes 1 and 7) or p42 and p45 (B) (lanes 1 and 7) were incubated with active, recombinant 
3CD from poliovirus (lanes 2 and 8) or human rhinovirus 16 (lanes 3 and 9). Recombinant 3CD 
proteins were rendered uncleavable by an insertion at the P3 position of the 3C-3D junction (PV 3CD 
[as described in reference 64] and HRV16 3CD [A. J. Chase and B. L. Semler, unpublished data]). The 
putative 3CD cleavage site (Fig. 1) was mutated in all four isoforms of AUF1 from a Q-G to an I-D 
amino acid pair, as denoted by a superscript "m." Recombinant AUF 1 proteins containing mutations at 
this putative 3CD cleavage site (p37 m , p40 m , p42 m , andp45 m ) were incubated with active, recombinant 
3 CD from poliovirus (lanes 5 and 1 1) or human rhinovirus 16 (lanes 6 and 12). Reaction mixtures were 
incubated for 3 h at 30°C and subjected to SDS-PAGE and Western blot analysis using anti-AUFl 
antibodies to visualize proteins. Asterisks denote additional cleavage products apparent when specific 
isoforms of AUF1 are incubated with HRV16 3 CD (A, lanes 3 and 9; B, lanes 3, 6, 9, and 12). 



nus, is an optimal 3C/3CD proteinase cleavage site: in the Pl-PT 
position is a glutamine-glycine pair (36-39), and an alanine is 
located 4 amino acids upstream of the putative cleavage site, an 
optimal P4 residue (Fig. 1). Predicted 3C/3CD cleavage at this site 
would disrupt a region reported to enhance binding to AU-rich 
elements and mediate AUF1 dimerization (40). Isoforms p42 and 
p45 contain additional 3C/3CD cleavage sites in their inserts; 
however, these are not considered optimal 3 CD cleavage sites due 
to the lack of an alanine in the P4 position (41). 

We hypothesized that 3C/3CD proteinase could catalyze the 
cleavage of AUF1 during infection because the putative 
N-terminal cleavage site, located in every isoform, would generate 
cleavage products closer in size to what was observed in Fig. 2. To 
determine if 3CD was responsible for AUF1 cleavage, recombi- 
nant wild-type AUF1 isoforms (Fig. 3 A and 3B, lanes 1 and 7) or 
AUF1 proteins containing the optimal 3CD cleavage site the Q-G 
pair mutated to an uncleavable I-D pair (lanes 4 and 10 in Fig. 3 A 



and 3B) were incubated with recombi- 
nant poliovirus 3CD proteinase (Fig. 3A 
and 3B, lanes 2, 5, 8, and 11) or HRV16 
3CD proteinase (Fig. 3A and 3B, lanes 3, 
6, 9, and 12). Both viral proteinases were 
able to cleave recombinant AUF1, but 
cleavage of the mutated AUF1 proteins 
was substantially — if not completely — 
abrogated. Interestingly, when wild-type 
AUF1 isoforms were incubated with 
HRV16 3 CD, an additional cleavage 
product was detected (denoted by an as- 
terisk in Fig. 3), suggesting that the rhino- 
virus proteinase recognizes additional 
cleavage sites in AUF1. This finding is 
consistent with data suggesting that HRV 
3C/3CD exhibits less stringency for cleav- 
age sites than do other picornavirus 3C/ 
3CD proteinases (41). Our data suggest 
that 3CD proteinase is responsible for 
cleavage of AUF 1 during picornavirus in- 
fection. 

AUF1 interacts with the5'NCRofpo- 
liovirus and human rhinovirus genomic 
RNAs. Initial experiments were carried 
out to determine the array of host pro- 
teins that bind to the 5' NCR of the polio- 
virus genome, a region that encompasses 
intricate stem-loop secondary structures 
required for viral translation and RNA 
replication. RNA affinity assays using the 
5' NCR of the poliovirus genome were 
carried out to pull down proteins from 
uninfected HeLa cell ribosomal salt wash 
(RSW); isolated fractions were subjected 
to mass spectrometry analysis, which re- 
vealed AUF1, among others, to be a bind- 
ing partner (data not shown). Further 
RNA affinity assays using the 5' NCR of 
poliovirus type 1 or human rhinovirus 16 
RNA were carried out to pull down inter- 
acting proteins from lysates from unin- 
fected, poliovirus-infected, or HRV16- 
infected HeLa cells (Fig. 4). Using S10 extracts from mock- 
infected or poliovirus-infected HeLa cells, we determined that 
full-length (Fig. 4A, lane 5) and cleaved (Fig. 4A, lane 6) AUF1 
products interacted with the 5' NCR of the poliovirus genome. 
Although there is a high background of AUF1 isoforms from S10 
extracts derived from poliovirus-infected HeLa cells binding to 
resin alone (Fig. 4A, lane 4), there is a marked increase above this 
background when the poliovirus 5' NCR is linked to the resin 
(Fig. 4A, lane 6). We obtained similar results when proteins were 
pulled down using NP-40 lysates from mock-infected or human 
rhinovirus 16-infected cells and the HRV 16 5' NCR (Fig. 4B, lanes 
5 and 6). Interestingly, we also observed that nucleolin, our load- 
ing control, interacted with the HRV 16 5' NCR in lysates from 
mock- infected cells (Fig. 4B, lane 5); however, this interaction was 
not detectable when lysates from HRV 16-infected cells were ana- 
lyzed (Fig. 4B, lane 6). Since it has been reported elsewhere that 
AUF1 and nucleolin are binding partners in uninfected cells (21), 
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FIG 4 Full-length and virally truncated forms of AUFl interact with the 5' 
NCR of poliovirus and human rhinovirus 16. Transcripts of the poliovirus 5' 
NCR (A) or human rhinovirus 16 5' NCR (B) were biotinylated with biotin- 
CTP. Streptavidin agarose resin was first incubated with either tRNA alone 
(lanes 3 and 4) or biotinylated 5 '-NCR transcripts (lanes 5 and 6). All experi- 
ments were carried out in the presence of a molar excess of tRNA. Lysates from 
mock-infected or poliovirus-infected (A) or human rhinovirus 16-infected (B) 
HeLa cells were incubated with streptavidin-bound RNA in RNA affinity as- 
says. Bound complexes were analyzed by SDS-PAGE and Western blot analysis 
using anti-AUFl antibody (A) or anti-AUFl and antinucleolin (as a loading 
control) antibodies (B). In lanes 1 and 2, 20% of the experimental input sample 
was loaded from mock or infected lysates, respectively. Electrophoretic mobil- 
ities of AUFl and nucleolin are indicated by a bracket or arrow, respectively. 

the interaction of nucleolin with the human rhinovirus 5' NCR 
may be the result of an indirect binding event mediated by AUFl . 
It is possible that cleavage of AUFl during HRV16 infection limits 
the ability of these two host proteins to interact with one another. 



Overall, full-length and truncated AUFl both are capable of bind- 
ing to the 5' NCR of poliovirus and human rhinovirus 16 under 
the conditions employed in our assays. 

Relocalization of AUFl during poliovirus infection. While 
there are detectable isoforms of AUFl in extracts derived from the 
cytoplasm of uninfected HeLa cells (Fig. 2), it has been reported 
that this host protein is primarily localized to the nucleus (42, 43). 
Indeed, this was our observation when we carried out immuno- 
fluorescence assays to determine if AUFl localization was altered 
during poliovirus infection (Fig. 5). In mock- infected HeLa cells, 
AUFl was detected primarily in the nucleus; however, by 4 h 
postinfection with poliovirus, a dramatic relocalization of AUFl 
from the nucleus to the cytoplasm was observed. In the cytoplasm 
of infected cells, AUFl displayed a distinct localization pattern, 
partly around the periphery of the nucleus and a region of the 
cytoplasm devoid of AUFl (Fig. 5, en- AUFl panel at 4 hpi). To 
determine if the above-noted cytoplasmic region might include 
poliovirus RNA replication complexes, we costained cells with 
anti-2B monoclonal antibodies (Fig. 5, a-PV 2B panel at 4 hpi). 
Protein 2B is a nonstructural viral polypeptide with proposed 
functions associated with rearrangement of cytoplasmic mem- 
branes (in its precursor form, 2BC) and formation of membrane 
pores (for a review, see reference 44), functions that alter the host 
cell cytoplasm as a prerequisite to the formation of viral RNA 
replication complexes. The results shown in Fig. 5 reveal the par- 
tial colocalization of AUFl and poliovirus protein 2B (white ar- 
rowheads in the 4-hpi merged image) but a lack of colocalization 
in the 2B-containing cytoplasmic region (green stain in the 4-hpi 
merged image) adjacent to the nucleus. 

To determine if relocalized AUFl is associated with the viral 
RNA synthesizing machinery in the cytoplasm of poliovirus- 
infected HeLa cells, we analyzed possible colocalization of AUFl 
with poliovirus protein 3A. This protein is known to interact with 
cytoplasmic membranes via its hydrophobic domain; with the vi- 
ral RNA-dependent RNA polymerase, 3Dp o1 (and its precursor, 
3CD); and with a guanine nucleotide exchange factor (GEF) to 
recruit this protein as well as its substrate (Arfl) to sites of RNA 
replication in poliovirus- or coxsackievirus-infected cells (for a 
review, see reference 44). Antibodies to protein 3 A will also inter- 
act with its precursor polypeptide 3AB, which has been shown to 
interact with RNA sequences in stem-loop I within the 5' NCR 
and with sequences in the 3' NCR of the poliovirus genome (45- 
48). This interaction may be necessary to anchor the viral RNA 
replication complex to cytoplasmic membranes via a hydrophobic 
domain located in the C terminus of 3A, thus making 3A a useful 
marker for viral RNA replication complexes (49-52). As demon- 
strated in Fig. 6, antibodies to poliovirus 3A protein detect signif- 
icant levels of protein in the cytoplasm of poliovirus-infected cells 
at 4 hpi. As previously demonstrated, AUFl was relocalized from 
the nucleus to the cytoplasm by 4 hpi. However, this cytoplasmic 
location appeared to be distinct from that of protein 3A, as shown 
in the merged image at 4 hpi. These experiments reveal that AUFl 
not only relocalizes from the nucleus to the cytoplasm of HeLa 
cells during poliovirus infection but also partially colocalizes with 
the poliovirus protein 2B and appears to be excluded from cyto- 
plasmic domains containing viral protein 3A. 

Amplification of viral genomic RNAs is required for relocal- 
ization and cleavage of AUFl in poliovirus-infected HeLa cells. 
We next determined if AUFl was cleaved during the initial viral 
translation of genomic RNAs released from uncoated poliovirus 
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FIG 5 Relocalization of AUF1 and partial colocalization with viral protein 2B during poliovirus 
infection. HeLa cells seeded on coverslips were either mock infected or infected with poliovirus and 
fixed at 2 or 4 hpi. Cells were immunostained with anti-AUFl antibody (shown in red) or anti- 
poliovirus 2B antibody (shown in green) and stained with DAPI to visualize the nucleus (shown in 
blue). Colocalization of AUF1 and 2B, indicated in the merged image by white arrowheads, was exam- 
ined by confocal microscopy. 



particles, or if cleavage occurred only after an increase in viral gene 
products following viral RNA replication. The latter possibility is 
consistent with the timing of AUF1 cleavage (Fig. 2A) and relocal- 
ization from the nucleus to the cytoplasm (Fig. 5) in poliovirus- 
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FIG 6 AUF1 is excluded from 3 A- containing cytoplasmic regions in polio virus-infected cells. HeLa 
cells seeded on coverslips were infected with poliovirus, fixed at 2 or 4 h postinfection, and immuno- 
stained with anti-AUFl (shown in red) and anti-3A (shown in green) antibodies; nuclei were identified 
by DAPI staining (shown in blue). Proteins were visualized using confocal microscopy. 



Merge infected HeLa cells between 3 hpi and 

5 hpi. To differentiate between these pos- 
sibilities, a poliovirus infection was car- 
ried out in HeLa cells that were mock 
treated or pretreated with 2 mM guani- 
dine HC1 (GuaHCl) (Fig. 7). Guanidine 
HC1 does not affect viral translation, but it 
inhibits viral RNA synthesis via inactiva- 
tion of the viral nonstructural protein 2C 
(53, 54). Lanes 1 to 6 in Fig. 7 A demon- 
strate the cleavage of AUF1 observed dur- 
ing a typical poliovirus infection; accu- 
mulation of lower-molecular-weight 
products was apparent by 4 hpi. However, 
when cells were pretreated with 2 mM 
GuaHCl (Fig. 7A, lanes 7 to 12), no differ- 
ence in the AUF1 protein migration pat- 
tern was observed during the course of 
poliovirus infection, indicating a lack of 
AUF1 cleavage. When GuaHCl-treated 
HeLa cells were infected with poliovirus 
and analyzed by immunofluorescence, 
AUF1 did not relocalize from the nucleus 
to the cytoplasm, displaying the same pat- 
tern as that detected in uninfected cells 
(Fig. 7B, compare "mock" panel to 5-hpi 
panel). It should be noted that poliovirus 
protein 3A was not detectable at 5 hpi in 
GuaHCl-treated cells, although it was 
readily detected by 4 hpi in untreated cells (Fig. 6). These data 
suggest that although GuaHCl does not inhibit viral translation, 
viral proteins could not accumulate to levels normally observed 
during infection due to the inhibition of RNA synthesis and, sub- 
sequently, the production of newly syn- 
thesized, positive-strand RNA templates 
Merge for translation. Thus, it is likely that relo- 

calization and cleavage of AUF1 require 
higher levels of viral protein products, in- 
cluding those involved in protein pro- 
cessing or viral RNA synthesis (e.g., 3CD 
and 3A), than those that are produced 
during the initial stages of a poliovirus in- 
fection. 



DISCUSSION 

In this work, we have presented evidence 
for the inclusion of AUF1 in the cadre of 
established host RNA binding proteins 
that are cleaved during picornavirus in- 
fection. AUF1 is cleaved during poliovi- 
rus or human rhinovirus infection, and 
this cleavage event is dependent upon vi- 
ral genome RNA amplification. In vitro, 
AUF1 binds to the 5' NCR of the poliovi- 
rus or human rhinovirus genome and is 
cleaved by recombinant viral 3 CD protei- 
nase derived from either poliovirus or hu- 
man rhinovirus. Additionally, AUF1 relo- 
calizes from the nucleus to the cytoplasm 
during poliovirus infection and partially 
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FIG 7 Guanidine HC1 prevents cleavage and relocalization of AUF1 during poliovirus infection. (A) 
HeLa cells were mock treated (lanes 1 to 6) or treated with 2 mM guanidine HC1 (GuaHCl; lanes 7 to 12) 
during mock infection (lanes 1 and 7) or poliovirus infection (lanes 2 to 6 and lanes 8 to 12). Lysates 
were collected at indicated hours postinfection (hpi) and subjected to SDS-PAGE and Western blot 
analysis using anti-AUFl and antinucleolin (as a loading control) antibodies to visualize proteins. 
Electrophoretic mobilities of nucleolin and AUF1 are indicated to the right by an arrow and a bracket, 
respectively. (B) HeLa cells seeded on coverslips were mock infected or infected with poliovirus and 
treated with 2 mM guanidine HC1. Cells were fixed at either 0 or 5 hpi, immunostained with anti- AUF 1 
antibody (in red) and anti-3A antibody (in green), and stained with DAPI (blue) to visualize the 
nucleus. Proteins were visualized using a Zeiss Axiovert 200 M inverted microscope. 



colocalizes with poliovirus protein 2B but not viral protein 3A. 
These latter observations suggest that poliovirus may redirect 
AUF1 to cytoplasmic sites of membrane rearrangement or pore 
formation (which result, in part, from the functions of protein 2B) 
that are distinct from (or perhaps excluded from) sites that are 
actively involved in viral RNA replication, where viral protein 3A 
would be expected to localize. While the mechanism of relocaliza- 
tion of AUF1 has not yet been determined, we predict that at least 
one of the poliovirus or human rhinovirus proteinases is respon- 
sible. Under normal cell growth conditions, the localization of 
AUF1 is complex and not completely understood since each iso- 
form contains multiple localization signals (for a review, see ref- 
erence 19). It has been suggested that the hetero-oligomerization 



of AUF1 isoforms could contribute to 
their shuttling properties; as such, it is 
possible that the release of the dimeriza- 
tion domain following 3 CD cleavage dur- 
ing infection could lead to a redistribu- 
tion of AUF 1 (55). However, since all four 
isoforms contain a transportin 1 binding 
site in exon 8 (56) (Fig. 1), it is equally 
likely that the disruption of this pathway 
by the 2A proteinase leads to cytoplasmic 
accumulation of AUF1 during infection 
(57). Additional colocalization studies 
with other viral proteins expressed alone 
or in the context of an infection, together 
with functional studies, should reveal pu- 
tative steps in the intracellular replication 
cycle of poliovirus affected by the relocal- 
ization of AUF 1. 

It is well documented that host RNA 
binding proteins are required for picor- 
navirus replication (2), but to our knowl- 
edge, this is the first report of a host 
mRNA decay- associated protein identi- 
fied to interact with picornavirus RNA 
and possibly act as a player in picornavi- 
rus replication. Other mRNA decay pro- 
teins, including the decapping enzyme 
Dcpla and the deadenylase complex 
component Pan3, are degraded in 
poliovirus-infected cells; however, a func- 
tional role for this degradation has not 
been established (58). It is possible that 
cleavage of mRNA decay components 
during infection is a viral defense against 
the host mRNA decay machinery; as such, 
our early studies focused on elucidating 
an antiviral role for AUF1 during picor- 
navirus infection. To date, data from our 
unpublished in vitro and cell culture anal- 
yses are equivocal on this putative role. 
Knockdown experiments with small in- 
terfering RNA (siRNA) were carried out 
in which all four isoforms of AUF1 were 
reduced to -25% of their normal cyto- 
plasmic levels. Transfected cells were sub- 
sequently infected with poliovirus or hu- 
man rhinovirus 16, but a significant 
increase or decrease in viral titers was not observed (data not 
shown). However, we did not subject extracts from these trans- 
fected cells after infection to Western blot analysis to determine if 
cytoplasmic levels of AUF 1 were altered from baseline expression. 
Based on our subsequent immunofluorescence data, it is possible 
that relocalization of AUF1 from the nucleus to the cytoplasm 
during infection provided sufficient AUF1 to fulfill its putative 
antiviral role or its putative function(s) in the poliovirus replica- 
tion cycle. Ongoing studies with cell lines in which the AUF1 locus 
has been knocked out should assess how the constitutive absence 
of AUF 1 affects poliovirus replication. 

Deducing the functional role of AUF 1 during picornavirus in- 
fection may prove challenging because, much as its role in mRNA 
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decay is indirect, it may serve a similar indirect, perhaps redun- 
dant, role in picornavirus replication. Due to the dependence that 
picornaviruses have on host proteins, it would be advantageous 
for the virus to utilize more than one protein for the same function 
during replication. AUF1 isoforms have been reported to interact 
with PCBP1 and PCBP2 (31), nucleolin (21), and PABP (30), 
which have been demonstrated to interact with the 5' NCR, the 3' 
NCR, and the 3' poly (A) tract of poliovirus RNA, respectively (3, 
10, 32-34, 59). Our data in this study demonstrate that AUF1 
interacts with the 5 ' NCR of the genomes of poliovirus and human 
rhinovirus and that, in extracts from uninfected cells, nucleolin 
interacts with AUF1 bound to the human rhinovirus 5' NCR 
(Fig. 4B). Given the interactions known to occur between AUF1 
and these proteins in uninfected cells, it is likely that AUF1 inter- 
acts with these same proteins during a picornavirus infection, per- 
haps to carry out functions that impact viral replication. This 
model may also explain why PABP depletion does not have a 
strongly deleterious effect on poliovirus replication (33), i.e., the 
presence of AUF1 maybe sufficient to bridge the 5' and 3' ends of 
the viral genome for replication complex formation and subse- 
quent translocation of the RNA- dependent RNA polymerase 
3DP o1 to the 3' end of template RNAs (32). It has been reported 
previously that nucleolin has a role in poliovirus infection (60), so 
it is also possible that the reduction in virus titers in nucleolin - 
depleted extracts is due to failure of AUF1 to bridge the interaction 
between the two ends of the viral genome. To test these and other 
possibilities, it will be necessary to reduce the endogenous levels of 
nucleolin or PABP in tandem with AUF1 depletion and assay for 
the effect on poliovirus titers in HeLa cells. In addition, it will be 
important to determine the specific binding site(s) for AUF1 in 
the 5' NCR and to subsequently mutate these sites to determine if 
any resulting viruses have a reduced growth phenotype in HeLa 
cells. 

An alternative to a direct role for AUF1 in picornavirus repli- 
cation is an indirect role via RNP complexes that maintain the 
stability of the viral genome, as has been suggested for PCBP2 
(60). Although AUF1 has primarily been reported to contribute to 
mRNA destabilization, it has also been reported to be a compo- 
nent of the a-globin mRNA stability complex via interaction with 
PCBPs (31). In addition, binding ofPCBPsto poliovirus RNA has 
been suggested to protect it from exonucleolytic degradation, re- 
sulting in increased genome stability (60). Although our ongoing 
analyses have not revealed a role for AUF1 in the stabilization or 
destabilization of poliovirus RNA during the early stages of infec- 
tion (data not shown), it is possible that AUF1 has a more impor- 
tant role in stability at later times during infection, when newly 
synthesized RNAs and viral RNAs destined for packaging in prog- 
eny virions must be protected from cellular RNases. 

Finally, when considering the location of the 3 CD cleavage site 
near the N terminus of AUF1, it is likely that this cleavage disrupts 
its high- affinity AU- rich element binding and prohibits dimeriza- 
tion/multimerization of AUF1 proteins (40). Such disruptions 
would be predicted to impair the ability of AUF1 to nucleate as- 
sembly of mRNA degradation complexes on target mRNAs (19). 
Thus, picornaviruses like poliovirus and human rhinovirus may 
be using a two-pronged strategy by disrupting some of the normal 
cellular functions of AUF1 (including suppression of an RNA deg- 
radation pathway) as well as modifying its structure and cellular 
location for viral replication activities. 



MATERIALS AND METHODS 

Preparation of extracts from uninfected and infected HeLa cells. HeLa 
cells were grown in suspension culture in Spinner minimal essential me- 
dium (S-MEM) supplemented with 8% newborn calf serum (NCS). To 
generate cytoplasmic extracts from poliovirus-infected cells, cells were 
pelleted and washed twice with 1 X phosphate-buffered saline (PBS). Pel- 
leted cells were resuspended in half of the required total volume of serum- 
free S-MEM and infected with wild-type poliovirus at a multiplicity of 
infection (MOI) of 20; adsorption took place at room temperature for 
30 min. After adsorption, the remaining medium (supplemented with 8% 
newborn calf serum) and HEPES, pH 7.4 (20 mM final concentration), 
were added; the infection was carried out at 37°C. S10 cytoplasmic extracts 
generated from poliovirus-infected HeLa cells at 0, 2, 4, and 6 h postin- 
fection, as well as 0- and 6-h time points from mock-infected HeLa cells, 
were prepared as described elsewhere (61), with the exception that they 
were not subjected to treatment with micrococcal nuclease. 

To prepare ribosomal salt wash (RSW) fractions, S10 cytoplasmic ex- 
tract from uninfected HeLa cells was centrifuged at a maximum relative 
centrifugal force (RCF) of 370,500 for 1 h at 4°C. The supernatant was 
discarded, and the pellet was resuspended in 1 X hypotonic buffer (20 mM 
HEPES, pH 7.4, 10 mM magnesium acetate [MgOAc], 1 mM dithiothre- 
itol [DTT] ) and adjusted to an optical density at 260 nm (OD 260 ) of 240 to 
480 units/ml (1 jul of sample resuspended in 400 /xl of IX hypotonic 
buffer equals OD 260 units/ml). KC1 was added to a final concentration of 
0.5 M, and the mixture was incubated at 4°C for 15 min. The resuspended 
pellet was then centrifuged again at a maximum RCF of 370,500 for 1 h at 
4°C. The supernatant was dialyzed into unlinkase buffer (20 mM Tris- 
HC1, pH 7.5, 1 mM DTT, 5% glycerol). Dialyzed fractions were aliquoted 
and stored at -70°C. 

NP-40 lysates from mock-, poliovirus type 1-, human rhinovirus 14-, 
and human rhinovirus 16-infected HeLa cells were generated from 
150-mm plates. Cells were washed with 1 X PBS and infected with polio- 
virus at an MOI of 20 or HRV at an MOI of 10. Adsorption was carried out 
at room temperature for 30 min (for poliovirus) or 60 min (for HRV) in 
IX PBS, and then Dulbecco modified Eagle medium (DMEM) (supple- 
mented with 8% NCS) was added; infection was carried out at 37°C for 
poliovirus or 34°C for HRV. Cells were washed with 1 X PBS and har- 
vested every 2 h over a 6.5 (poliovirus)- or 16 (HRV) -hour time course 
and resuspended in NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 5 mM 
EDTA, 150 mM NaCl, 1% NP-40) for 30 min on ice. After incubation on 
ice, cell debris was pelleted, supernatant was collected, and total protein 
concentration was measured via the Bradford assay. Cellular extracts were 
subjected to SDS-PAGE, and proteins were electroblotted to a PVDF 
membrane that was then probed using anti-AUFl (Millipore) and anti- 
nucleolin (Abeam) antibodies (with expression levels of nucleolin serving 
as a loading control). Protein bands were visualized using chemilumines- 
cence. 

For analysis of poliovirus-infected cells treated with or without guani- 
dine HC1, infection was carried out as described above for generation of 
cytoplasmic extracts using NP-40 lysis buffer, with the exception of the 
addition of 2 mM guanidine HC1 after adsorption. 

RNA affinity assays and mass spectrometry analysis. A plasmid en- 
coding the poliovirus 5' NCR (62) or the human rhinovirus 16 5' NCR 
was linearized with EcoRI and EcoICRI (respectively) and transcribed in 
the presence of biotinylated CTP using the MEGAscript T7 transcription 
kit (Ambion). Transcription reaction mixtures were treated with DNase I, 
quenched with 700 mM ammonium acetate, phenol-chloroform ex- 
tracted, and ethanol precipitated. Biotinylated transcript was bound to 
streptavidin agarose in 50 mM KC1 buffer (50 mM KC1, 5% glycerol, 
1 mM DTT, 0.5 mM EDTA, 25 /xg/ml tRNA) for 1 h at 4°C. Precleared 
HeLa S10 (from mock- or poliovirus-infected cells) or NP-40-derived 
cytoplasmic lysate (from mock- or HRV 16-infected HeLa cells) was incu- 
bated with the RNA-bound resin in 50 mM KC1 buffer for 2 h at 4°C, and 
unbound complexes were washed from the resin using 100 mM KC1 buf- 
fer (100 mM KC1, 5% glycerol, 1 mM DTT, 0.5 mM EDTA, 25 /xg/ml 
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tRNA). Complexes associated with the resin were resuspended in 2X 
Laemmli sample buffer (LSB) and subjected to SDS-PAGE. Proteins were 
electroblotted to a PVDF membrane and subjected to Western blot anal- 
ysis using antibodies targeting a specific protein of interest; protein bands 
were visualized using chemiluminescence. To identify proteins bound to 
the 5' NCR of poliovirus, fractions eluted from RNA affinity chromatog- 
raphy were digested with trypsin and subjected to nano-liquid chroma- 
tography-tandem mass spectrometry (nanoLC-MS/MS) analysis. 

Preparation and purification of recombinant proteins; cleavage as- 
says. pET23b-AUFl expression constructs for isoforms p37, p40, p42, 
and p45 were generously provided by Robert J. Schneider (New York 
University School of Medicine). The expression constructs were trans- 
formed into freshly competent BL21 cells; a 5-ml overnight culture of 
transformed cells was used to inoculate 1 liter of LB at 37°C and induced 
with 1 mM isopropyl-j3-d-thiogalactopyranoside (IPTG) when the OD 600 
was 0.2 to 0.4. Cells were pelleted, and purification of recombinant His- 
tagged AUF1 proteins was carried out as described elsewhere (63). 

The pET15b expression constructs for poliovirus and human rhino- 
virus 16 3CD were transformed into freshly competent BL21 cells; a 5-ml 
overnight culture of transformed cells was used to inoculate 1 liter of LB at 
37°C and induced with 1 mM IPTG when the OD 600 was 0.2 to 0.4. Trans- 
formed BL21 cells were induced for 2 to 4 h at 25°C, pelleted, resuspended 
in 30 ml of buffer A (20 mM Tris-HCl, pH 7.5, 25 mM NaCl, 1 mM DTT, 
5% glycerol), and lysed using a French pressure cell, and the cell suspen- 
sion was centrifuged at 10,000 rpm for 30 min to pellet insoluble proteins. 
The supernatant was decanted, the pellet was washed three times with 
buffer A, and a final wash was carried out using buffer A lacking DTT. The 
pellet was resuspended in 20 ml of high-salt I 60 buffer (20 mM Tris-HCl, 
pH 7.9, 1 M NaCl, 60 mM imidazole, 0.5% 1-O-n-octyl-beta-d- 
glucopyranoside, 10% glycerol) and incubated on ice for 30 min. Follow- 
ing a 30-min spin at 10,000 rpm, the pellet was resuspended in the same 
buffer and incubated on ice for an additional 30 min. The recombinant 
3CD was batch-bound to nickel resin, washed with I 60 buffer, and eluted 
with high-salt I 200 buffer (20 mM Tris-HCl, pH 7.9, 1 M NaCl, 200 mM 
imidazole, 10% glycerol). Fractions found to have the highest protein 
concentration, determined by the Bradford assay, were stored at — 70°C. 

Cleavage assays were carried out using recombinant 3CD and AUF1. 
Fifty picomoles of each AUF 1 isoform was incubated with 50 pmol of 3CD 
in 1 X hypotonic buffer with 150 mM KC1 (20 mM HEPES, pH 7.4, 10 mM 
MgOAc, 1 mM DTT, 150 mM KC1) for 3 h at 30°C. Reactions were 
stopped using 2X Laemmli sample buffer (LSB), reaction mixtures were 
subjected to SDS-PAGE, and proteins were electroblotted to a PVDF 
membrane. The membrane was probed using anti-AUFl antibodies (Mil- 
lipore), and protein bands were visualized using chemiluminescence. 

Immunofluorescence. HeLa cells were seeded on coverslips and either 
mock infected or infected with poliovirus at an MOI of 20 as described 
above. At specific times postinfection, cells were washed with 1 X PBS and 
fixed with 3.7% paraformaldehyde at room temperature for 15 min. After 
two washes with 1 X PBS, cells were permeabilized with 0.5% NP-40 in 
PBS, washed with 1% NCS-PBS, and blocked in 3% milk in 1 X PBS. Cells 
were washed with 1% NCS-PBS and incubated with rabbit anti-AUFl 
antibodies from Millipore (1:100) and either mouse anti-poliovirus 3 A or 
mouse anti-poliovirus 2B antibodies (1:500) diluted in 3% milk-PBS. Po- 
liovirus 3A and 2B antibodies were generously provided by George Belov 
(University of Maryland). After incubation with primary antibodies, cells 
were washed with 1% NCS-PBS and incubated with Alexa Fluor 594 goat 
anti-rabbit IgG and either Alexa Fluor 488 goat anti-mouse IgG (1:1,000) 
(Molecular Probes) or Alexa Fluor 488 donkey anti-mouse IgG (1:200) 
(Jackson ImmunoResearch). Cells were washed in 1% NCS-PBS and in- 
cubated with 4',6-diamidino-2-phenylindole (DAPI). Coverslips were 
mounted onto slides using mounting medium and dried overnight. Cells 
were visualized using either a Zeiss Axiovert 200 M inverted microscope 
or a Zeiss LSM700 laser scanning confocal microscope. Images were pro- 
cessed with either LSM510 or Zen software. 
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